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We report a new method for controlling the spatial distribution of reactive chemical species in a
parallel-plate plasma reactor, by means of a variable-impedance load placed between the unpowered
electrode and ground. The technique was demonstrated in 89% CF4/11% O2 and 51% C2F6/49% O2

chamber-cleaning plasmas at 13.3–133 Pa~0.1–1.0 Torr! in a Gaseous Electronics Conference
Reference Cell. The rf current and voltage at both electrodes were measured, and plasma spatial
characteristics were observed using two-dimensional~2D! planar laser-induced fluorescence of the
CF2 radical and 2D broadband optical emission measurements. By adjusting the load impedance to
cancel the impedance of stray capacitances in parallel with the load, or the sheath capacitance in
series with the load, the rf current at the load electrode could be made higher or lower than the
current received when the electrode is grounded. When the rf current at the load electrode was
minimized, regions of intense optical emission and high CF2 density were shifted radially outward
from the center of the reactor. When the rf current at the load electrode was maximized, regions of
intense optical emission and high CF2 density shifted radially inward, and the distribution of CF2

across the electrode surfaces became more uniform. These results suggest that variable loads could
be used to direct reactive species in chamber-cleaning plasmas to the surfaces most in need of
cleaning, or to increase the radial uniformity of reactive species in etching plasmas.
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I. INTRODUCTION

Fluorocarbon plasmas are widely used by the semic
ductor industry to etch silicon oxide and nitride films, and
remove deposits of these materials from the walls of dep
tion chambers. In both etching and chamber cleaning,
spatial distribution of chemical species in the plasma is
important concern. In etching, the chemical and phys
properties of the plasma should be as uniform as poss
over the wafer area, to prevent overetching, underetching
other damage. In chamber cleaning, however, uniformity
not necessarily the goal. Instead, the spatial characteristic
the plasma must be optimized to direct the active chem
species in the plasma to the chamber surfaces that are
in need of cleaning. Often, multiple cleaning steps are
quired to clean different surfaces: for example, a low pr
sure step to clean the outer regions of the reactor and on
somewhat higher pressure to clean regions closer to the
ter of the reactor.1

In previous work2,3 the spatial characteristics of chambe
cleaning plasmas have been investigated in two capaciti
coupled, parallel-plate reactors of identical design, known
the Gaseous Electronics Conference~GEC! Reference Cell,4

a standard platform designed to facilitate interlaborat
comparisons. In the first study2 CF4/O2/Ar, C2F6/O2/Ar,
and NF3/Ar plasmas were investigated. Although this stu
concentrated on power coupling, power absorption mec
nisms, and other electrical issues, dramatic changes in
spatial uniformity of the plasmas, as a function of pressu
were observed and reported. In the second study3 the pres-
sure dependence of the spatial characteristics of CF4/O2 and

a!Electronic mail: mark.sobolewski@nist.gov
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C2F6/O2 plasmas was investigated in detail, using plan
laser-induced fluorescence~PLIF! of the CF2 radical and
broadband optical emission measurements. In both stud
changes in the spatial characteristics were correlated
changes in radio-frequency~rf! electrical measurements. I
particular, plasmas with the greatest radial and axial unif
mity were obtained at pressures which maximized the rf c
rent at the upper, grounded electrode. In this article, we
ther investigate this correlation between electric
measurements and plasma spatial characteristics, usi
variable-impedance load attached to the upper electrode
GEC cell. By varying the load impedance, we are able
vary the current flow to the upper electrode—independen
pressure—and observe the resulting changes in plasma
tial characteristics.

Variable-impedance loads have been used previousl5–7

to control ion bombardment energies in sputter-deposit
tools. In those systems, rf current injected into the plasm
the rf-powered target electrode can flow to ground throu
several possible paths. It may flow to the substrate electr
or to the chamber walls or other reactor surfaces, depen
on the impedance of each path. A variable load attache
the substrate electrode may be used to increase or dec
the rf current at that electrode. An increase in the rf curr
flowing to a surface from a plasma produces an increas
the voltage drop across the space-charge sheath region
cent to the surface, which in turn provides greater accele
tion to ions crossing the sheath. Increases in sheath cu
and sheath voltage should also produce increased heatin
electrons near the sheath, according to models of elec
heating processes.8–10 Because collisions with hot electron
contribute to the processes that create reactive species
3281
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might suspect that a variable load could also be used to
trol the density of reactive species near an electrode. Ind
in this article we report observations in CF4/O2 and C2F6/O2

plasmas that confirm this hypothesis. Two-dimensional~2D!
images of the density of the CF2 radical, obtained from
PLIF, showed that the density and spatial distribution of
CF2 radical can be controlled using a variable load. Sim
larly, 2D maps of broadband optical emission intens
showed that regions of excited species formation, wh
should correspond to regions of electron heating, can als
controlled. The effects we observe are rarely considere
the design, construction, or simulation of plasma react
and they have important implications. These implications
well as possible applications, will be discussed.

II. EXPERIMENT

A. Plasma reactor

A diagram of the GEC cell in which the experiments we
performed is shown in Fig. 1. It is a parallel plate, capa
tively coupled reactor with 10.2 cm diameter, water-cool
aluminum electrodes, separated by a gap of 2.25 cm. E
electrode is surrounded by an aluminum oxide insulator
a stainless steel ground shield. The lower electrode is p
ered by a 13.56 MHz power supply, coupled through
matching network equipped with an internal blocking capa
tor. In previous studies performed in this reactor,3,11 the up-
per electrode was grounded to the outside of the vacu
chamber by a short piece of copper wire. Here, however,
copper wire was replaced by a variable-impedance load c
sisting of a coil in series with an air variable capacito
mounted in an aluminum box.

Gases enter the cell through a showerhead arrangeme
holes in the upper electrode. Gas flows were metered
calibrated mass flow controllers. Mixtures o
89% CF4/11% O2 and 51% C2F6/49% O2 were used.~Per-
centages indicate mole percent.! The total flow rate was 7.1
mmoles/s ~9.6 sccm! for CF4/O2 and 7.0 mmoles/s ~9.4

FIG. 1. Side view of the plasma reactor, showing the electrical probes
PLIF detection system.
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sccm! for C2F6/O2 . A control valve on the exhaust line
maintained the pressure in the cell at 13.3–133 Pa~100–
1000 mTorr!. The rf power at the powered electrode, exclu
ing losses between the generator and the electrode, was a
30 W ~see below! which corresponds to a power density
0.37 W/cm2. This power density is comparable to industri
reactors operated at hundreds of watts, because of the la
size of industrial reactors and because external losses
usually not taken into account.

B. Optical measurements

Planar laser-induced fluorescence~PLIF! was performed
to characterize the 2D relative spatial density of CF2 in the
plasma as a chemical marker of plasma uniformity. T
PLIF technique has been discussed in detail previously3,12

The 266 nm beam from an unseeded, quadrupled Nd:Y
laser was formed into a vertical sheet approximately 2.5
tall and 0.5 cm thick. The sheet was passed through
plasma, where it excited CF2 radicals from theX ~0,1,0!
ground electronic state to theA ~0,2,0! excited electronic
state. Fluorescence between 300 and 400 nm, emitted by2

as it dropped back down to the ground state, was collec
normal to the laser sheet, using a gated, intensified cha
coupled device~ICCD! camera with a 105 mm, f/4.5 ultra
violet lens. Colored glass filters were used to reduce bro
band plasma emission and to block the 266 nm scatte
laser light. Averaging up to 4200 laser shots per image w
necessary to obtain good signal to noise. Since PLIF det
only the CF2 in the plane of the laser sheet, the spatial re
lution was determined by the 5.0 mm laser sheet thickn
and the 0.2 mm30.2 mm imaged dimensions of the came
pixels. After each PLIF image, the laser was blocked, and
ICCD image of broadband, spontaneous plasma emissio
multiple species between 300 and 400 nm was acquired
the same total time as the PLIF image and subtracted f
the PLIF image. Emission, unlike PLIF, is a line-of-sig
integrated measurement. Next, the PLIF images were
malized for spatial variations and drift in the laser intensi
and a uniform field correction13 was applied to the images t
correct for any slight variations in collection efficienc
across the ICCD.

We take the CF2 PLIF intensity to be proportional to the
electronic ground state density of CF2 . We verified that col-
lisional quenching does not affect the fluorescence yie3

and low laser intensities~;0.4 mJ/cm2! were used to keep
the CF2 PLIF signal in the linear regime. As discussed
detail in Ref. 3, temperature variations which could cau
changes in PLIF intensity due to changes in ground s
rotational and vibrational population distribution are b
lieved to be small, especially under constant rf power con
tions.

C. Electrical measurements

Electrical probes mounted on the reactor are shown
Fig. 1. The current and voltage on the lead that powers
lower electrode,I m(t) andVm(t), were measured by a Pea

d
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son 2877 current probe14 and a Phillips PM 8931 100:1 at
tenuating voltage probe.14 The current and voltage at a poin
between the upper electrode and the variable load,I t(t) and
Vt(t), were measured by another Pearson 2877 cur
probe14 and a Hewlett-Packard 10440A 100:1 volta
probe.14 Signals acquired by the probes were digitized by
Hewlett-Packard 54503A oscilloscope14 and transferred to a
computer which extracted the magnitude and phase of F
rier components at the fundamental and harmonic frequ
cies. These magnitudes and phases are expressed as co
Fourier coefficients, denotedVm , I m , Vt , andI t . Using pro-
cedures described previously15 phase errors caused by prop
gation delays in the lines connecting the probes to the os
loscope were measured and accounted for.

To interpret the electrical data, one must first characte
the stray impedance of the reactor itself. A circuit model
the reactor is shown in Fig. 2. There, as in previous work11

the capacitancesCpe andCm , inductanceLpe, and resistance
Rpe are associated with the lower~powered! electrode assem
bly. The elementsCs , Ls , andRs represent the tunable in
ductive shunt circuit4,15 which is adjusted to null the current
drawn by Cpe and Cm , so that the current drawn by th
discharge itself can be measured more precisely.
variable-impedance load is represented by the elementsCv ,
Lv , andRv , while Cue, Lue, Rue, andCt represent the up
per electrode. The stray capacitance associated with the
between the electrodes isCg . The capacitanceCf is contrib-
uted by a thin insulating film on the surface of the upp
electrode which has formed over the course of the ce
operation. No surface layer is present on the lower, powe
electrode, because it is continually bombarded by highly
ergetic ions when the cell is operated. Finally,Lw is the
self-inductance of the cavity which extends from the grou
shields out to the wall of the vacuum chamber.

To obtain values for the circuit model, measureme
were performed with no plasma ignited, with the cell po
ered by a variable-frequency rf power supply operated at
kHz–50 MHz. First, the lower electrode was powered by
variable-frequency supply andI m and Vm were measured
with the lower electrode open-circuited and then sho
circuited to its ground shield. Second, power was app
above theI t andVt probes~i.e., across the variable load! and
I t and Vt were measured, with the upper electrode op
circuited and then short-circuited to its ground shield. Thi
to characterize the inductive load,I t andVt were measured
with variable-frequency rf power applied just below theI t

and Vt probes. Values of the elements, except forCg and
Lw , were adjusted until an excellent fit to the measured
rameters was obtained. The gap capacitance,Cg , was esti-
mated using the equationCg5e0A/d, whereA is the elec-
trode area andd is the electrode separation. ForLw , which is
relatively unimportant in this study, and which depen
solely on the chamber geometry, we used a value meas
previously.11 Values for the circuit elements are given in th
caption to Fig. 2.

When the discharge is ignited, the measured signals,I m ,
Vm , I t , and Vt , include contributions from the reactor a
JVST A - Vacuum, Surfaces, and Films
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well as the discharge. It is therefore useful to transform
measured signals into signals that are more representativ
the discharge itself. First, the currentI m and voltageVm ,
measured on the power feed to the lower electrode, can
related to the currentI pe flowing into the plasma at the sur
face of the lower electrode and the voltageVpe between the
surface of the lower electrode and its ground shield, us
the cascade matrix;15

FVpe

I pe
G5F d 2b

2c a G FVm

I m
G . ~1!

Here I m , Vm , I pe, andVpe are the complex coefficients o
Fourier components at a given angular frequency,v, anda,
b, c, and d are complex numbers called the casca
parameters.16 For the circuit model shown in Fig. 2, we ob
tain

a512v2LpeCpe1 ivRpeCpe, ~2!

b5Rpe1 ivLpe, ~3!

c5 ivCpe1a~Ys1 ivCm!, ~4!

and

d511~Rpe1 ivLpe!~Ys1 ivCm!, ~5!

where

1/Ys5Rs1 ivLs1~ ivCs!
21. ~6!

FIG. 2. Equivalent circuit model of the reactor. From measurements
obtain Cue5127 pF, Lue5123 nH, Rue50.16V, Ct519 pF, 21 pF<Cv
<104 pF, Lv52.45mH, Rv50.5V, Cf53.2 nF, Cg53.2 pF, Cpe

5117 pF, Lpe597 nH, Rpe50.15V, Cm523 pF, Cs599 pF, Ls

52.28mH, Rs50.54V, andLw536 nH.



h
oa

un

e

n

c-

e
d,

i
r

t
i

c
e
un
u
rc
w

a
th

ty

the

n

m
ing
ere

he
sure-
For
the

al
e
ase
ad.
oad

a
oad
gas
e
e

lec-

trol

to
eter.
,
eter

the

e
d-
gful,

s

,

3284 M. A. Sobolewski and K. L. Steffens: Electrical control of the spatial uniformity of reactive species 3284
Similarly, I t andVt , the current and voltage measured on t
lead that connects the upper electrode to the variable l
can be related to the currentI ue flowing from the plasma to
the surface of the upper electrode and the voltageVue be-
tween the surface of the upper electrode and its gro
shield, using

FVue

I ue
G5Fh f

g eG FVt

I t
G , ~7!

where

e512v2LueCue1 ivRueCue, ~8!

f 5Rue1 ivLue1e/~ ivCf !, ~9!

g5 iv~Cue1eCt!, ~10!

and

h512v2LueCt1 ivRueCt1g/~ ivCf !. ~11!

From the currents and voltages, one can define the imp
ances

Zpe5Vpe/I pe, ~12!

Zue5Vue/I ue, ~13!

and

Zt5Vt /I t , ~14!

whereZpe is the combined impedance of everything dow
stream of the powered electrode,Zt is the impedance of the
variable load, andZue is the impedance of the upper ele
trode including the variable load. Iffpe is the phase ofZpe

~i.e., the phase ofVpe relative toI pe! andfue andf t are the
phases ofZue andZt , then one can define the powers

Ppe5~1/2!uVpeuuI peucosfpe, ~15!

Pue5~1/2!uVueuuI ueucosfue, ~16!

and

Pt5~1/2!uVtuuI tucosf t . ~17!

Here, Ppe is the power flowing into the discharge from th
lower electrode,Pt is power dissipated in the variable loa
andPue is the power dissipated in the upper electrode and
the variable load. AlthoughPpe does not include powe
losses upstream of the powered electrode, it does include
power,Pue, lost downstream. Thus, the power dissipated
the discharge itself isPpe2Pue.

We only report results at the fundamental frequen
~13.56 MHz!. Signals at harmonic frequencies were analyz
but they carried negligible power. Because the sh
circuit4,15 was tuned for 13.56 MHz, and because the circ
model parameters were chosen so that the model was fo
to agree with measurements performed at 13.56 MHz,
were able to obtain the fundamental components ofI pe, Vpe,
I ue, andVue with essentially the same accuracy asI m , Vm ,
I t , andVt . Random errors in the data are small because
parameters are obtained only after Fourier analyzing
waveforms, which suppresses noise. The total uncertain
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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dominated by systematic errors, which are contributed by
current probes~rated at61%!, the voltage probes~calibrated
to 61%!, the oscilloscope~63%! and the phase calibratio
procedures~61°!. The total uncertainty is64% for all volt-
ages and currents,68% for impedances, and61° for imped-
ance phases. The total uncertainty of the powerPpe ranges
from 62.5 W atfpe50° to 64.0 W atfpe569°; the error
in Pue is at worst60.4 W. Drift in the measurement syste
and reactor stray impedance was negligible, but dur
plasma operation small drifts in electrical parameters w
observed. During the acquisition of the optical data,Ppe was
stable within 0.4 W,I ue and I pe within 6 mA.

III. RESULTS

After installing the variable load and characterizing t
reactor stray impedance, plasmas were ignited, and mea
ments were made at various settings of the variable load.
comparison, measurements were also performed with
load short circuited. This short-circuit condition is identic
to the ‘‘grounded’’ condition in which the upper electrod
was operated in previous studies, except for a small incre
in Lue due to modifications made to accommodate the lo
Optical and electrical measurements obtained with the l
short circuited were quite similar to previous results.3

In Sec. III A, we present a detailed description of plasm
electrical parameters obtained by varying the tunable l
over its entire range of operation, at a single pressure and
mixture. An explanation of the principles of operation of th
load, and how it affects the rf current flow through th
plasma, is also provided. Then, in Sec. III B we present e
trical and optical data for both CF4/O2 and C2F6/O2 at vary-
ing pressures, demonstrating the ability of the load to con
plasma spatial characteristics as well as the rf current.

A. Operation of the tunable load

When the tunable load is used, there is, in addition
pressure, power, and flow, another independent param
Strictly speaking, we varyCv , the capacitance of the load
but a more convenient choice for the independent param
is the total impedance of the load,Zt , since it is obtained
directly from theVt and I t measurements, using Eq.~14!.
From the circuit model shown in Fig. 2:

Zt5Rv1 ivLv2 i /~vCv!. ~18!

Another useful parameter is the load reactance, that is,
imaginary part ofZt :

Im~Zt!5uVtuuI tu21 cosf t5 ivLv2 i /~vCv!, ~19!

which includes the inductive and capacitive terms inZt , but
not the resistance. If Im(Zt).0, the load has a net inductiv
impedance; if Im(Zt),0, the load has a net capacitive impe
ance. Because its magnitude and sign are both meanin
Im(Zt) is a more useful parameter than the magnitude,uZtu.

Figure 3 shows electrical data for a CF4/O2 discharge at
13.3 Pa~100 mTorr!, obtained by varying the load over it
entire range of operation. Plotted on thex axis is Im(Zt) from
Eq. ~19!. By adjustingCv , the variable capacitor in the load
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Im(Zt) was varied from a negative~capacitive! impedance of
2339 V to a positive~inductive! impedance of196 V. By
short-circuiting Cv , an additional point was obtained a
209 V. Short circuiting the entire tunable load yields a da
point at Im(Zt)50V. When the load is varied, the power
the lower electrode,Ppe, changes, unless the settings of t
rf generator or the matching network are adjusted at e
point. For simplicity, such adjustments were not made in F
3; the settings of the rf generator and the matching netw
were held constant. For the data in Fig. 3,Ppe varied from
28.4 to 33.7 W, anduI peu varied from 418 to 490 mA.

The currentI pe flowing from the powered electrode int
the plasma may flow to the upper electrode, the upper gro
shield, the lower ground shield, or the wall of the vacuu
chamber. Figure 3~a! showsuI ueu, the magnitude of the cur
rent that flows to the upper electrode. With the load sho
circuited, uI ueu5209 mA. Using the tunable load, we we
able to varyuI ueu far from this value, from a minimum o
17 mA to a maximum of 321 mA. The ratiouI ueu/uI peu could
be varied from 4% to 69%, compared to 44% with the lo
short circuited.

FIG. 3. Electrical parameters for a CF4 /O2 discharge at 13.3 Pa~100 mTorr!.
As a function of Im(Zt), the imaginary part of the impedance of the tunab
load, we plot~a! uI ueu, the magnitude of the current at the upper electro
~b! uZueu, the magnitude of the impedance of the upper electrode comb
with the tunable load;~c! uI tu, the magnitude of the current flowing in th
variable load;~d! Pue, the power dissipated in the upper electrode and
tunable load; and~e! the dc self-bias voltage on the upper electrode,Vue0,
and on the lower electrode,Vpe0. During this experiment the power at the
generator was held constant,Ppe varied from 28.4 to 33.7 W, anduI peu
varied from 418 to 490 mA.
JVST A - Vacuum, Surfaces, and Films
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Figure 3~b! showsuZueu, the magnitude of the impedanc
of the upper electrode assembly including the tunable lo
obtained from Eq.~13!. Both a maximum and a minimum
are observed. The maximum inuZueu coincides with the mini-
mum in uI ueu observed in Fig. 3~a!, because the high value o
uZueu forces current to take other paths through the plasma
contrast, the minimum inuZueu does not coincide with the
maximum inuI ueu, becauseuI ueu also depends on impedance
within the discharge itself, in series withZue. The maximum
in uI ueu occurs at the minimum of the total impedance, not t
minimum of uZueu.

The sharp minima and maxima in Figs. 3~a! and 3~b!
result from resonances, that is, the cancellation of induc
and capacitive impedances. There are two types of re
nances, series and parallel. First consider a circuit consis
of an inductanceL, a capacitanceC, and a resistanceR in
series. The total impedance of the circuit is

Z5R1 ivL2 i /~vC!. ~20!

Because the inductive and capacitive terms are of oppo
sign, they may cancel, forcinguZu, the magnitude of the
impedance, to a minimum. At this ‘‘series resonance,’’ t
current drawn by the circuit will be large, and the total vo
age drop across the circuit will be small. In contrast, for th
elements in parallel, the total impedance is

Z5@1/R2 i /~vL !1 ivC#21. ~21!

Now, if the inductive and capacitive terms cancel,uZu is
maximized. At this ‘‘parallel resonance,’’ the circuit draw
very little current.

The uZueu maximum anduI ueu minimum result from a par-
allel resonance of the net inductive impedance of the varia
load with the parasitic capacitancesCue andCt ~see Fig. 2!.
Although the circuit for the upper electrode is more comp
cated than that of Eq.~21!, the situation is much the same
The current through the inductive load is equal and oppo
to the sum of the currents throughCue andCt , so the total
current,uI ueu, is small and the combined impedance,uZueu, is
large.

The uI ueu maximum results from a series resonance
tween the net inductive impedance of the variable load~com-
bined with the stray impedances! and the capacitive imped
ance of the sheath adjacent to the upper electrode.
resonance, the sheath capacitance and the inductive pa
Zue cancel, so the total impedance from the powered e
trode through the upper electrode to ground reaches a m
mum value, limited only by the series resistances contribu
by the discharge, the electrode, and the tunable load. Th
fore, more current is drawn through the sheath to the up
electrode compared to other paths through the plasma, m
mizing uI ueu. At the maximum inuI ueu, the magnitude ofZue

is 309 V, and its phase is183°, so it has a net inductive
reactance, Im(Zue)5307V. Therefore, we can infer that th
sheath at the upper electrode has an equal and opposit
pacitive reactance of2307 V. In contrast, the minimum of
uZueu is produced by another series resonance that only
volves the inductances and capacitances in the upper e
trode and the variable load. Although this resonance p

;
d
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J. Vac. Sci. Techno
TABLE I. Electrical parameters for CF4 /O2 discharges at three different pressures,p, with the tunable load
adjusted to minimize or maximizeuI ueu/uI peu, ~denoted ‘‘min’’ and ‘‘max’’!, and with the load short-circuited
~‘‘short’’ !. Im(Zt) is the imaginary~i.e., inductive and capacitive! part of the load impedance;Ppe is the power
flowing past the powered electrode into the discharge;Pue is the power dissipated in the upper electrode and
tunable load;fpe is the phase of the impedanceZpe, the combined impedance of everything downstream of
powered electrode;uI peu is the magnitude of the current at the powered electrode; anduI ueu is the magnitude of
the current at the upper electrode.

p
~Pa!

Im(Zt)
~V!

Ppe

~W!
Pue

~W!
fpe

~deg!
uI peu
~mA!

uI ueu
~mA! uI ueu/uI peu

13.3 min 71 32.2 0.3 265 433 13 0.03
short 0 31.3 0.0 268 481 211 0.44
max 59 31.5 1.8 269 510 337 0.66

66.7 min 73 31.2 0.8 232 383 3 0.07
short 0 31.1 0.0 247 559 408 0.73
max 40 31.2 0.6 238 576 469 0.82

133.3 min 74 30.8 1.5 210 294 36 0.13
short 0 30.8 0.0 213 324 222 0.69
max 29 31.2 0.1 211 323 222 0.69
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duces a small~;1 V! value for uZueu, the magnitude of the
sheath impedance is still large, 307V or more. Thus, at the
minimum of uZueu, uI ueu is less than its maximum value.

The magnitude of the current flowing through the varia
load, uI tu, is plotted in Fig. 3~c!. A maximum is observed in
uI tu at a tuning position close to the maximum inuI ueu. At the
minimum in uI ueu, uI tu is still rather large, but it is nearly
exactly canceled by currents of opposite phase flow
throughCue andCt , making uI ueu small. WhenuI tu is large,
the power dissipated in the tunable load and the upper e
trode,Pue, obtained from Eq.~16! and plotted in Fig. 3~d!, is
significant. Most of this power is dissipated in the tunab
load itself, as can be shown by calculating the powerPt in
Eq. ~17!. In contrast, at short circuit, i.e., at Im(Zt)50, uI tu
andPue are much smaller. These results suggest that tun
loads should be designed to tolerate levels of current
power dissipation higher than the levels that are pres
when no tunable load is used. Also, it should be noted
any increase in the powerPue means that there is less pow
available to be dissipated in the discharge. This loss can
compensated by increasing the powerPpe, to maintainPpe

2Pue constant, but, for the sake of simplicity, we did not d
this in these experiments.

Finally, the dc bias on the upper electrode,Vue0, is shown
in Fig. 3~e!, for comparison with the results of Logan5 and
Lousa and Gimeno.7 The behavior ofVue0 is similar in some
respects to Refs. 5 and 7. In particular, a minimum inVue0 is
observed which, as Logan and Lousa and Gimeno suspe
coincides with the maximum inuI ueu. Like Logan, we are
able to measureVue0 despite having an insulating film on th
electrode, perhaps because of defects in the film. Zero
bias is measured at two points in Fig. 3~e!. At these points,
obtained by short circuiting the load capacitor or the en
load, there is a dc connection between the upper elect
and ground which forcesVue0 to zero. Aside from these two
points,Vue0 in Fig. 3~e! is always strongly negative, unlik
Refs. 5 and 7, where weakly negative and positive dc bia
were obtained. This difference can be explained by
l. A, Vol. 17, No. 6, Nov/Dec 1999
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CF4/O2 discharge being much more electronegative than
Ar or Ar/N2 discharges studied previously. In the electron
gative gases the discharge is confined to the center of
reactor, producing a more symmetric sharing of the dc b
between both electrodes. The dc bias on the powered e
trode, Vpe0, is also seen in Fig. 3~e! to vary with tuning
position, presumably because of changes in the plasma
tential which occur as the tunable load is adjusted.

B. Electrical control of plasma uniformity

Electrical parameters measured as a function of pres
are shown in Table I for CF4/O2 and Table II for C2F6/O2 .
For each pressure, measurements were performed with
variable load adjusted to maximizeuI ueu/uI peu, with the load
adjusted to minimizeuI ueu/uI peu, and with the load short cir-
cuited. At each data point, the power at the rf generator w
adjusted to maintainPpe as nearly constant as possible. A
short circuit, as in previous studies,2,3 uI ueu/uI peu rises when
the pressure is increased from 13.3 to 66.7 Pa~100–500
mTorr! and then falls when the pressure is further increa
to 133 Pa~1000 mTorr!. At 13.3–66.7 Pa~100–500 mTorr!
uI ueu and uI ueu/uI peu may be increased or decreased by app
priately tuning the variable load. At 133 Pa~1000 mTorr!,
however, no increase inuI ueu/uI peu could be obtained: tuning
the load for maximumuI ueu/uI peu gave the same value o
uI ueu/uI peu obtained at short circuit. This suggests that t
sheath at the upper electrode becomes resistive rather
capacitive at high pressures. As discussed above, the incr
in uI ueu depends on the inductance of the variable load~com-
bined with the upper electrode assembly! canceling the ca-
pacitance of the sheath. The resistance of the sheath, h
ever, cannot be canceled. It is also possible that the sh
capacitance is dominated by a much larger series resist
contributed by the plasma. This explanation is supported
the observation, seen in Tables I and II and in previo
studies,2,3 that the phase of the plasma impedance,fpe,
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JVST A - Vacuum,
TABLE II. Electrical parameters for C2F6 /O2 discharges, as defined in Table I.

p
~Pa!

Im(Zt)
~V!

Ppe

~W!
Pue

~W!
fpe

~deg!
uI peu
~mA!

uI ueu
~mA! uI ueu/uI peu

13.3 min 72 30.8 0.6 258 452 18 0.04
short 0 30.8 0.0 263 500 233 0.47
max 57 31.2 1.6 264 571 360 0.63

53.3 min 72 31.1 1.8 222 356 31 0.09
short 0 31.2 0.0 234 486 373 0.77
max 34 30.8 0.5 228 496 400 0.81

133.3 min 75 31.3 1.2 24 262 53 0.20
short 0 31.1 0.0 21 264 112 0.42
max 17 31.2 0.0 0 264 115 0.44
.
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at
IF
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4.

lec-

ay
shifts from capacitive phases~near290°! at low pressures
towards more resistive phases~near 0°! at high pressures
The minimum inuI ueu/uI peu can still be obtained at high pres
sures, since it does not depend on any property of the sh
It only requires that impedances external to the plasma
tuned to produce a high-impedance, parallel-resonant st

At each set of conditions given in Tables I and II, PL
and optical emission measurements were performed.
Surfaces, and Films
th.
e

e.

or

CF4/O2 at 66.6 Pa~500 mTorr!, two-dimensional contour

maps of CF2 density obtained by PLIF are shown in Fig.

When the tunable load is short circuited, in Fig. 4~b!, the CF2
density peaks at an axial position midway between the e

trodes, and at a radial position roughly two thirds of the w
out to the electrode edge. WhenuI ueu/uI peu is minimized, in
Fig. 4~a!, the maximum in CF2 density is shifted vertically
IF
FIG. 4. Contour maps for~a!–~c! PLIF measurement of CF2 density and~d!–~f! broadband optical emission intensity for a CF4 /O2 discharge at 66.7 Pa~500
mTorr!, obtained with~a!,~d! the tunable load adjusted to minimizeuI ueu/uI peu; ~b!,~e! the tunable load short circuited; and~c!,~f! the tunable load adjusted to
maximize uI ueu/uI peu. Outlines of the upper and lower electrodes are shown in~a!–~c!. Load settings, currents, and powers are given in Table I. All PL
contour values in~a!–~c!, Figs. 5–7, and Figs. 8~a!–8~c! use the same intensity scale, in arbitrary units. Emission intensity contour values in~d!–~f! and Figs.
8~d!–8~f! use a common intensity scale, in arbitrary units, different from the PLIF scale.
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and radially to a position close to the edge of the powe
electrode. In contrast, whenuI ueu/uI peu is maximized, in Fig.
4~c!, the peak in CF2 density shifts slightly inward. At radia
positions close to the center, the CF2 density decreases whe
uI ueu/uI peu is minimized, and increases whenuI ueu/uI peu is
maximized. At positions far from the center, the trends
reversed. To accentuate the radial changes, the CF2 densities
in Figs. 4~a!–4~c! were averaged in the vertical direction an
are plotted versus radial position in Fig. 5~b!. The shifts in
the peak of the CF2 distribution and the changes at ea
radial position are clearly observed.

Additional information can be obtained from the conto
maps of broadband optical emission, shown in Figs. 4~d!–
4~f!. Electron impact dissociation and electronic excitation
molecules in the plasma results in electronically excited m
lecular fragments and atoms which subsequently emit.
cause the lifetimes of the excited state fragments are s
~e.g., 6163 ns for CF2!,17 they emit before they can trave
far from the region in which they were created. Thus,
spatial distribution of optical emission intensity indicat

FIG. 5. Plots of PLIF measurement of CF2 density averaged in the axial~i.e.,
vertical! direction, as a function of radial position, in CF4 /O2 discharges at
~a! 13.3 Pa~100 mTorr!; ~b! 66.7 Pa~500 mTorr!; and ~c! 133 Pa~1000
mTorr!, for three different settings of the variable load. Load settings, c
rents, and powers are given in Table I.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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where reactive species, including CF2, are created. Also, be
cause energetic electrons are necessary to create the
ments, regions of higher optical emission intensity indic
regions where higher densities of hot electrons are prese

In Figs. 4~d!–4~f!, high optical emission intensities ar
observed primarily near the electrode and ground shield
faces. Presumably, hot electrons are produced near these
faces either by ohmic heating in the presheath region,
chastic heating at the boundary between the presheath
the sheath, or heating of secondary electrons within
sheath and presheath. In any of these heating mechanis8

an increase in rf current density produces an increase in e
tron heating. Thus, the changes in emission intensity see
Figs. 4~d!–4~f! can be explained by changes in the path tak
by the rf current. When the tunable load is short circuited
Fig. 4~e!, local maxima in the optical emission intensity a
observed near the edge of the lower electrode and clos
the center of the upper electrode. WhenuI ueu/uI peu is mini-
mized, in Fig. 4~d!, the feature near the upper electrode d
appears, and instead a local maximum appears near
ground shield of the upper electrode, atr 55.5 cm. Going
from Figs. 4~e! to 4~d!, uI ueu falls from 408 to 3 mA, which
minimizes or even eliminates heating of electrons near
upper electrode. Presumably, some of the current reje
from the upper electrode flows to its ground shield, result
in increased heating of electrons and optical emission n
the shield. Some of the current rejected from the upper e
trode probably flows to the lower electrode ground shield,
well. Emission intensity near the center of the powered el
trode is lower in Fig. 4~d!, whenuI ueu/uI peu is minimized, than
in Fig. 4~e!, where the load is short circuited. This may i
dicate a redistribution of the current density along the po
ered electrode. In Fig. 4~d!, where the current flows predom
nantly to the ground shields, the current density at the low
electrode may be peaked at a larger radius than in Fig. 4~e!,
where most of it flows straight across the gap to the up
electrode. WhenuI ueu/uI peu is maximized, in Fig. 4~f!, the
optical emission intensity near the lower electrode becom
more radially uniform, and its maximum shifts radially in
ward to r 53.7 cm. These changes suggest that the cur
density at the lower electrode becomes more radially u
form when uI ueu/uI peu is maximized. Changes at the upp
electrode are much less noticeable in Figs. 4~e! and 4~f!.
Going from Fig. 4~e! to 4~f!, uI ueu only changes from 408 to
469 mA anduI ueu/uI peu only changes from 73% to 82%.

PLIF data obtained in CF4/O2 plasmas at 133 Pa~1000
mTorr! are shown in Fig. 6. When the tunable load
shorted, in Fig. 6~b!, two local maxima in CF2 density are
observed: one near the center of the electrodes and an
near the edge of the powered electrode. The latter illustr
the tendency of discharges in CF4/O2 and other electronega
tive gases to ‘‘collapse’’ as the pressure increases. At su
ciently high pressures, in CF4/O2 , C2F6/O2 , or NF3/Ar dis-
charges, the plasma glow contracts to a small, ring-l
region between the powered electrode and its gro
shield.2,3 This collapse is accompanied by a decrease
uI ueu/uI peu, as more of the current at the powered electro
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flows to its ground shield, and less flows to the upp
electrode.2,3 The collapse can be accelerated by tuning
load to minimize the current at the upper electrode, as sh
in Fig. 6~a!. We were not able to forestall the collapse of t
discharge by adjusting the load to maximizeuI ueu/uI peu, how-
ever. At 133 Pa~1000 mTorr! PLIF images obtained with
uI ueu/uI peu maximized were very similar to what was obtain
with the electrode shorted@Fig. 6~b!#, as were theuI ueu and
uI ueu/uI peu values themselves~see Table I!. Presumably, this is
because the sheath at the upper electrode is resistive r
than capacitive at 133 Pa~1000 mTorr!, as discussed above
When the data from Fig. 6 are averaged in the vertical dir
tion and plotted versus radial position, in Fig. 5~c!, the
changes in the radial uniformity are also clearly observ
Optical emission images at 133 Pa CF4/O2 appeared similar
to data at 66.7 Pa~500 mTorr!, in Figs. 4~d!–4~f!.

In contrast, at lower pressures, CF4/O2 discharges tend to
expand into regions beyond the edge of the electrodes,
side the field of view of the ICCD camera. This expansion
accompanied by a decrease inuI ueu/uI peu.

2,3 Presumably, the
expansion coincides with the opening of additional curr
paths to more remote portions of the ground shields~and
perhaps also to the wall of the vacuum chamber! so that a
smaller fraction ofuI peu is drawn by the upper electrode. Th
expansion can be counteracted by adjusting the tunable
to maximizeuI ueu/uI peu, as can be seen in Fig. 7, where PL
data from 13.3 Pa~100 mTorr! CF4/O2 are shown. When the
upper electrode is short circuited, in Fig. 7~b!, the peak in
CF2 density occurs atr 54.5 cm. WhenuI ueu/uI peu is maxi-
mized, in Fig. 7~c!, the peak in CF2 density moves radially
inward, to 3.5 cm, and the CF2 density increases throughou
nearly the entire field of view. This increase occurs desp
an increase inPue, the power lost in the upper electrode, a
a slight decrease inPpe2Pue, the total power delivered to
the discharge, from 31.3 to 29.7 W~see Table I!. In contrast,
when uI ueu/uI peu is minimized, in Fig. 7~a!, the CF2 density
decreases throughout nearly the entire field of view. T

FIG. 6. Contour maps for PLIF measurement of CF2 density for a CF4 /O2

discharge at 133 Pa~1000 mTorr!, obtained with~a! the tunable load ad-
justed to minimizeuI ueu/uI peu; and~b! the tunable load short circuited. Loa
settings, currents, and powers are given in Table I.
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shape of the CF2 distribution in Fig. 7~a! is similar to Fig.
7~b!. The radial shifts and overall changes in intensity se
in Fig. 7 are also visible in Fig. 5~a!, where the data have
been averaged in the axial direction.

For C2F6/O2 discharges at the same pressure, 13.3
~100 mTorr!, similar behavior is observed. WhenuI ueu/uI peu is
minimized, in Fig. 8~a!, the CF2 density decreases from th
levels observed when the upper electrode is shorted, in
8~b!, and the peak in CF2 density shifts out to a larger radius
When uI ueu/uI peu is maximized, in Fig. 8~c!, the CF2 density
increases and the peak in CF2 density shifts inward, closer to
the radial center.

Figure 8 also shows corresponding optical emission
ages. As in Fig. 4, strong changes are observed near
upper electrode. When the upper electrode is shorted, in
8~e!, a weak maximum in emission is observed near the
per electrode. WhenuI ueu/uI peu is minimized, in Fig. 8~d!, this
feature is eliminated. WhenuI ueu/uI peu is maximized, in Fig.
8~f!, the feature becomes much stronger. The emission m
mum near the lower electrode shifts radially outward wh
uI ueu/uI peu is minimized, and inward whenuI ueu/uI peu is maxi-
mized. These radial shifts, like the shifts observed in Fi
4~d!–4~f!, suggest that changes are occurring in the way
rf current is distributed across the surface of the electrod
Close examination shows that the peak near the upper e
trode shifts down, away from the upper electrode, go
from Fig. 8~e! to 8~f!. When the current at the top electrod
is maximized, in Fig. 8~f!, the voltage across the sheath a
jacent to the top electrode and the thickness of this sheath

FIG. 7. Contour maps for PLIF measurement of CF2 density for a CF4 /O2

discharge at 13.3 Pa~100 mTorr!, obtained with~a! the tunable load ad-
justed to minimizeuI ueu/uI peu; ~b! the tunable load short circuited; and~c! the
tunable load adjusted to maximizeuI ueu/uI peu. Load settings, currents, an
powers are given in Table I.
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FIG. 8. Contour maps for~a!–~c! PLIF measurement of CF2 density and~d!–~f! broadband optical emission intensity for a C2F6 /O2 discharge at 13.3 Pa~100
mTorr!, obtained with~a!,~d! the tunable load adjusted to minimizeuI ueu/uI peu; ~b!,~e! the tunable load short circuited; and~c!,~f! the tunable load adjusted to
maximizeuI ueu/uI peu. Load settings, currents, and powers are given in Table II.
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also maximized. At 13.3 Pa~100 mTorr!, changes in the
sheath thickness and associated changes in the emission
the upper electrode are visible to the naked eye, and ca
used to find the tuning positions which produce the minim
and maximumuI ueu/uI peu. At higher pressures, changes ne
the upper electrode are hard to resolve by eye, but chang
the emission near the upper ground shield can be used
stead.

Because the C2F6/O2 mixtures are more electronegativ
than the CF4/O2 mixtures, the ‘‘collapse’’ of the discharg
occurs at lower pressures in C2F6/O2 discharges than in
CF4/O2 discharges. PLIF, emission, and electrical data
tained at 53.3 Pa~400 mTorr! in C2F6/O2 reflected an inter-
mediate state of collapse, between the data obtained at
Pa ~500 mTorr! CF4/O2 and at 133 Pa~1000 mTorr!
CF4/O2 . Data obtained at 133 Pa~1000 mTorr! of C2F6/O2

were even more collapsed than in 133 Pa~1000 mTorr! of
CF4/O2 .

The radial nonuniformity of the CF2 density can be quan
tified using the axially averaged data shown in Fig. 5. O
figure of merit for the radial nonuniformity is obtained b
taking the ratio of the highest and lowest axially averag
values observed over the region from the center (r 50) out
to the edge of the electrodes (r 55.1 cm). For both CF4/O2

and C2F6/O2 at 13.3 Pa~100 mTorr!, maximizing uI ueu/uI peu
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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produces the most uniform distributions. For example,
Fig. 5~a!, the radial nonuniformity decreases from 1.89 w
uI ueu/uI peu minimized to 1.65 at short circuit, to 1.30 wit
uI ueu/uI peu maximized. For C2F6/O2 , the radial nonuniformity
decreases from 4.2 to 3.1 to 2.3, respectively. At higher p
sures, maximizinguI ueu/uI peu has smaller effects on the radia
nonuniformity. Minimizing uI ueu/uI peu increases the radia
nonuniformity.

IV. DISCUSSION

The data in Fig. 5 and the other figures suggest sev
possible applications. In some chamber-cleaning proces
it might be useful to install a variable load and minimiz
uI ueu/uI peu, to force reactive species outward to clean rem
surfaces. In other chamber-cleaning steps designed to c
the central portions of the reactor, it might be useful to ma
mize uI ueu/uI peu, forcing reactive species inward. Using a tu
able load to maximizeuI ueu/uI peu might also be useful in etch
ing processes, to increase the uniformity of reactive spe
across the wafer surface.

We believe that the effects we observe are sufficien
general that reactive species other than CF2 could be con-
trolled by tunable loads, in CF4/O2 , C2F6/O2 , or other
gases. Tunable loads have been used previously to co
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the rf current in electropositive Ar and Ar/N2 discharges,5,7

in addition to the electronegative discharges studied h
Furthermore, according to fundamental models8–10 which do
not depend on the gas mixture, an increase in rf curr
should be accompanied by an increase in the power abso
by plasma electrons. Finally, although plasma chemistry m
be complicated, it is reasonable to believe that an increas
the power absorbed by plasma electrons should resu
greater dissociation of the feed gas, and an increase in
density of many if not all reactive species. For example,
previous studies2,18 of CF4/O2/Ar, C2F6/O2/Ar, and NF3/Ar
discharges, the optical emission intensities of Ar, F, and
lines, measured near the radial center of the reactor,
showed a similar pressure dependence. As the pressure
increased from 6.7 to 267 Pa~50–2000 mTorr! the intensity
of each peak was seen to rise and then fall. The maxim
the optical emission intensities coincided with a minimum
the plasma impedance, an impedance phasefpe'240°, and
a maximum in uI ueu/uI peu ~denoted uI geu/uI peu in previous
work!. Models2 suggest that the maxima in optical emissi
intensity occur at the pressure at which power is most e
ciently transferred to plasma electrons near the radial ce
of the reactor.~At lower pressures, power is wasted on ion
at higher pressures the plasma collapses away from the r
center towards the electrode edge.! Similarly, the feed gas
destruction efficiency in CF4/O2/Ar, C2F6/O2/Ar, and
NF3/Ar discharges, measured by mass spectrometry
maximized whenuI ueu/uI peu is high andfpe'240°.18 In a
different reactor, in NF3/Ar discharges, Ar and F optica
emission intensities were correlated with each other and w
the etch rate of SiO2 and silicon nitride.19 In SF6/Ar dis-
charges, by seeking conditions at whichuZpeu was minimized
andfpe was near245°, the etch rate of alpha silicon carbid
was maximized.20 These results suggest that etch rates
pend strongly on the amount of power absorbed by plas
electrons. Thus, if a tunable load is able to control the spa
uniformity of electron heating, it should also be able to co
trol the spatial uniformity of etching or chamber-cleani
rates.

One limitation of our tunable load was its inability t
increaseuI ueu and uI ueu/uI peu at higher pressures. Presumab
this is because at high pressures the path through which
rent flows to the upper electrode is largely resistive, not
pacitive. Although the tunable load can be tuned to can
the capacitive impedance of the sheath at the upper electr
it cannot cancel resistive impedances associated with
sheath or with adjacent regions of the plasma. This may
an important limitation, since chamber-cleaning proces
may operate at pressures at or above 133 Pa~1000 mTorr!.
Furthermore, the trend towards more resistive plasma imp
ances at increasing pressures are observed not onl
CF4/O2 and C2F6/O2 , but also in Cl2 ,21 SF6 ,22–24 NF3 ,23

CF4 ,24 and mixtures of Ar with CF4 ,25 C2F6 ,25 SF6 ,20,25,26

CF3Cl,27 and NF3.2,18,19,28The trend towards increasing re
sistance at higher pressures can be counteracted by inc
ing the rf power.19 Interestingly, for extremely electronega
tive NF3/Ar discharges, at 50%–75% NF3 at pressures o
JVST A - Vacuum, Surfaces, and Films
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200–266 Pa~1.5–2.0 Torr!, the plasma impedance,Zpe, be-
gins to become capacitive again, just before the plasma g
out completely.2,19,28 It is possible that a tunable load migh
be of use in this regime, but we did not investigate su
extremely electronegative plasmas.

In contrast, the minimum values ofuI ueu anduI ueu/uI peu are
limited by resistances outside of the discharge, within
electrode assembly or the tunable load. The resistance o
coil in our variable load was low enough to obtain very lo
values ofuI ueu/uI peu, and coils with even lower resistances a
available. Lowering the coil resistance has the additio
benefit of reducing the power lost in the load.

Finally, it should be realized that even when one is op
ating a plasma reactor without a tunable load, the stray
pedance elements contributed by the reactor itself and
ments in the circuitry that powers the reactor may affect
path taken by rf currents in the plasma. There is no reaso
believe that the stray impedances are optimized to direc
currents to appropriate surfaces, so further study of rea
electrical characteristics may be warranted. At the very le
to ensure the greatest process reproducibility and stabi
one should make sure that reactor electrical characteris
are reproducible and stable. The greatest irreproducib
would occur in a reactor that happened to be operating ne
series or parallel resonance. This is not as unlikely as it m
seem. As process conditions vary, sheath capacitances
change, perhaps coming into or out of resonance with ex
nal inductances. Furthermore, movable parts within the s
tem may unintentionally act as variable-impedance eleme
Indeed, in one commercial parallel-plate system equip
with a movable electrode, such resonances have b
observed.29 When the gap between the electrodes was se
a particular value, the spatial characteristics of argon plas
changed dramatically, simultaneous with a change in
amount of current collected at the grounded electrode. E
dently, moving the electrode in that system produced
change in one or more parasitic inductances, which, a
particular position, came into resonance with a capacit
impedance. Also, for reactors in which both electrodes
powered, one should consider that the matching network
one electrode can function as a variable load, affecting
path taken by rf current injected at the opposite electro
Resonances in such systems could produce confusing
undesirable instabilities. Proper consideration of curr
steering effects of the type observed here could thus lea
process improvements in such systems.

V. CONCLUSIONS

The spatial distribution of the CF2 radical in CF4/O2 and
C2F6/O2 plasmas in a parallel-plate reactor can be control
by attaching a variable-impedance load between the unp
ered electrode and ground. When the net inductive imp
ance of the load is adjusted to be equal and opposite to
impedance of stray capacitances in parallel with the load,
rf current flowing into the plasma at the powered electrode
steered away from the load electrode to other reactor
faces, such as the ground shields of both electrodes.
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produces a shift in regions of electron heating, intense o
cal emission, and high CF2 density radially outward from the
center of the reactor, toward more remote surfaces. When
impedance of the load is adjusted to be equal and opposi
the capacitive impedance of the sheath at the load electr
the load electrode receives more rf current than it does w
the electrode is grounded. This causes regions of elec
heating, intense optical emission, and high CF2 density to
shift radially inward, and the distribution of CF2 across the
electrode surfaces to become more radially uniform. At
highest pressure, 133 Pa~1000 mTorr!, we were unable to
maximize the current at the load electrode. At this press
the capacitance of the sheath at the load electrode is d
nated by the sheath resistance or the resistance of adja
regions of the plasma, which cannot be canceled by the v
able load.

The relations between rf current, electron heating, opt
emission, and radical creation, which are responsible for
effects we observe, appear to be sufficiently general to ap
to other radicals and other gas mixtures. Thus, variable lo
show promise for use in several different types of appli
tions. Variable loads could be used to direct reactive spe
in chamber-cleaning plasmas to the surfaces most in nee
cleaning, or to increase the radial uniformity of reactive s
cies in etching plasmas. Current steering effects of the k
observed in this article may also be produced by unint
tional electrical resonances in plasma reactors. By car
consideration of the electrical characteristics of reactors
the circuitry that powers them, such resonances could
suppressed or eliminated, resulting in improvements in p
cess stability and reproducibility.
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